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We investigated insulating Cu2N islands grown on Cu(100) by means of combined scanning tun-
neling microscopy and atomic force microscopy with two vastly different tips: a bare metal tip and
a CO-terminated tip. We use scanning tunneling microscopy data as proposed by Choi et al. [1]
to unambiguously identify atomic positions. Atomic force microscopy images taken with the two
different tips show an inverted contrast over Cu2N. The observed force contrast can be explained
with an electrostatic model, where the two tips have dipole moments of opposite directions. This
highlights the importance of short-range electrostatic forces in the formation of atomic contrast on
polar surfaces in non-contact atomic force microscopy.
The combination of scanning tunneling microscopy
(STM) with non-contact atomic force microscopy (NC-
AFM) in a single probe enables a wide range of atomic
scale studies on surfaces. Whereas contrast mechanisms
in STM for different tip-sample systems are widely un-
derstood, interpretation of NC-AFM data remains chal-
lenging. In NC-AFM the sum over all tip-sample interac-
tions is measured, and the source of atomic resolution is
often hard to identify. On semiconductors [2], as well as
on metals [3], imaged with reactive tips (e.g. Si) atomic
contrast is dominated by the formation of covalent bonds
that often reach magnitudes of nanonewtons. For non-
reactive CO functionalized tips, Pauli repulsion was at-
tributed to the observed intermolecular resolution [4, 5].
Lantz et al. [6] showed that the dangling bonds of Si(111)
7×7 can induce a dipole moment in (non-reactive) oxi-
dized Si tips resulting in a short-range electrostatic in-
teraction, which contributes to atomic resolution. Elec-
trostatic interaction and an induced tip dipole moment
was also used to explain atomic contrast on ionic crys-
tals [7]. A similar model describes the interaction with
charged adatoms on thin insulating layers [8, 9]. More-
over, it was found that clean metallic tips carry an in-
trinsic dipole moment [10, 11], which is caused by the
Smoluchowski-effect [12]. All of these examples underline
the importance of atomic scale electrostatic interactions
in NC-AFM.
Electrostatic forces become even more meaningful as
polar thin insulating layers (e.g. NaCl, MgO, Cu2N) are
used to decouple adsorbates in STM and AFM experi-
ments [4, 8, 13–17]. In this study we explore the influ-
ence of electrostatic forces in NC-AFM on Cu2N islands
on Cu(100). N and Cu atoms on Cu2N form a periodic
charge arrangement, as calculated by DFT [18] (Figs.
1c-e). Compared to alkali halides, the Cu2N’s c(2×2)
unit cell structure has a lower symmetry, thus its atomic
positions are easier to designate. STM experiments led
to two criteria to locate N atoms within the islands [1]:
First, N adsorbs on the hollow sites of Cu(100) [19–21]
and should therefore appear fourfold symmetric. Second,
island boundaries and sharp edges are determined by N
atoms [16]. With this, N-, Cu- and hollow sites can be
identified in the Cu2N unit cell (Fig. 1c).
In this Letter, we report on high-resolution simultane-
ously recorded current and force data of the Cu2N sur-
face. We compare interaction forces probed with a CO
terminated tip to data acquired with a metal tip. The
force contrast, though, is inverted. We propose an elec-
trostatic model where the two tips have opposite dipole
moments. The calculated force contrast within a Cu2N
unit cell provides good agreement to the data.
All experiments were carried out with a home-built
low-temperature system at 6 K using a qPlus sensor
(f0 = 29098 Hz, k = 1800 Nm
−1) [22] equipped with a
W tip, operated with small amplitudes (50 pm) in fre-
quency modulation mode. Metallic (Cu) tips were pre-
pared by strongly poking them into a clean Cu sample
while applying 200 V. Tips were functionalized with CO
molecules following the standard procedure [23]. Cu2N
islands were prepared by sputtering a clean Cu(100) crys-
tal with N gas for 120 s and heating it to 600 K for
300 s. Forces were calculated by applying the Sader-
Jarvis-deconvolution method [24] to our recorded 3D fre-
quency shift maps.
Figure 2a shows a STM topograph of an island using a
Cu terminated tip recorded with a set point of 500 pA at a
tip voltage of 10 mV. The image was Laplace filtered and
inverted (Laplace filtering inverts brightness) to enhance
contrast [16] and a structural model is partially overlaid.
When the Cu tip is terminated by a CO molecule,
the STM contrast is different. The constant-current to-
pograph in Fig. 2d was recorded using a set point of
100 pA at a tip voltage of 10 mV. Three distinct features
appear within the island: elongated protrusions, wide
depressions and, most remarkable, very narrow depres-
sions. It is known that the strong p-wave character of
CO terminated tips influences the imaging contrast in
STM [25]. In Ref. [25], the authors investigated the or-
ganic molecule pentacene, whose orbitals locally exhibit
σ, pi and δ character. They use Chen’s derivative rule [26]
to explain that due to the CO’s pi orbital the tunneling
matrix element turns to zero over the pentacene’s local
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FIG. 1. (a) Charge redistribution in a metallic tip due to
the Smoluchowski effect, leading to an electric dipole moment
pointing towards the sample. (b) A CO molecule adsorbed
on a copper tip, carrying an electric dipole moment pointing
away from the sample. (c) Model of the Cu2N network on
Cu(100) with the numbers being the net charge of Cu and
N atoms in units of elementary charge e [18]. (d) Cross sec-
tion of Cu2N along a N-Cu-N row and (e) Cu-hollow site-Cu
row showing the first two atomic layers of the reconstructed
surface and the net charges of the atoms respectively.
σ and δ orbitals, whereas not for the local pi orbital. We
propose a similar tunneling contrast formation for cop-
per nitride, motivated by the DFT calculations of Soon
et al. [21]. For the eigenstate closest to our bias voltage,
of 10 mV, N and Cu atoms show a local σ character, in
which the N wave function has twice the spatial exten-
sion of Cu. Due to the 3d state of Cu and the 2p state of
N, the space in between N and Cu shows a local pi char-
acter. Taking into account the N-Cu binding length of
183 pm, which is comparable to atomic distances within
pentacene, we argue as follows: N exhibits a local σ char-
acter and therefore the matrix element concerning the
CO’s pi orbital is zero, resulting in a very confined de-
pression over N. Between N and Cu the CO tip probes a
local pi orbital enabling a tunneling current. Cu also has
local σ character, whereby its wave function only extends
half compared to N. Furthermore, Cu is located 21 pm
lower than N [20, 21]. From this we conclude that our
microscope setup is not able to laterally resolve a depres-
sion over Cu as well, resulting in elongated protrusions
centered over Cu. For hollow sites, the lateral orbital
overlap between tip and sample states is insufficient to
yield a non-zero tunneling matrix element, leading to a
wide depression. This lattice assignment fulfills the two
required assignment criteria (Figs. 2d-e).
Figure 2b shows the total force for a Cu terminated tip
∆FN-Cu ∆FN-hs
experiment simulation experiment simulation
Cu tip (-10±2) pN -12 pN (-17±3) pN -17 pN
CO tip (22±1) pN 26 pN (39±2) pN 34 pN
TABLE I. Comparison of averaged experimental and simu-
lated force contrast for Cu and CO terminated tips.
at closest approach, corresponding to a STM set point of
28 nA at a tip voltage of 10 mV over bare Cu(100). Be-
cause the measured tunneling current I is proportional
to the conductance G, the STM set point can be given
in units of the quantum conductance G0 = 2e
2/h =
(12, 906 Ω)−1 (e is the elementary charge and h is the
Planck constant). As I depends exponentially on the tip-
sample distance z with decay constant κ, G can be used
to calculate the distance between the front most metallic
tip and sample atom, with G(z = 0) = G0 [27]. This
calculation yields a lower boundary for the tip-sample
distance, as typically more than two atoms contribute to
the measured tunneling current [28]. Here, tip-sample
distance is defined as the distance between the outer-
most atomic shells of the involved atoms, in the following
called zs-s. Using this definition of distance, Fig. 2b was
measured at zs-s = 125 pm over bare Cu(100).
According to the lattice assignment for metal tips,
N sites appear most attractive, followed by Cu sites
and hollow sites. The measured overall force is attrac-
tive, because of the long-range van-der-Waals interaction,
which normally does not depend on lateral position and
thus does not allow for atomic resolution. Subtracting
the forces between distinct unit cell positions cancels
out constant long-range interactions and the resulting
force contrast contains site dependent short-range com-
ponents only. We define ∆FN-Cu = FN site − FCu site and
∆FN-hs = FN site − Fhs as the force difference/contrast
between N and Cu sites and between N sites and hol-
low sites (hs). Table I shows the averaged force contrast
for five different islands probed with different Cu termi-
nated tips at similar tip-sample-distances. The short-
range character of the atomic contrast causing interac-
tion is reflected in the ∆F (z)-curves displayed in Fig.
2c. The atomic contrast is maintained over a vertical
range of about 100 pm.
Figure 2e shows the total force at closest approach for
a CO terminated tip, which was at a STM set point of
3 nA at 10 mV over clean Cu(100). To determine the
tip-sample distance the above described model has to
be adapted by using the point conductance of a CO
molecule on the Cu surface. Experimentally we find
G0 = (404, 497 Ω)
−1 [28] and obtain zs-s = 80 pm for
the closest approach. Figure 2e reveals an inverted force
contrast compared to Fig. 2b, with N atoms interacting
most repulsive and hollow site most attractive. The aver-
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FIG. 2. Data acquired with a Cu terminated tip (a-c) and with a CO terminated tip (d-f). Left column: STM topographs
with the structural model of Cu2N overlaid: (a) is recorded at constant current at 500 pA and 10 mV applied to the tip and
Laplace filtered to enhance contrast, (b) 100 pA and 10 mV, raw data. Center column: Force between tip and sample at closest
approach. Right column: Force contrast versus distance curves at two high-symmetry locations.
aged force contrast for three CO functionalized tips over
three different islands at similar tip-sample-distances is
depicted in Table I. Figure 2f displays the above defined
∆F (z)-curves, showing repulsive atomic contrast for ap-
proximately 100 pm.
The AFM images in the center column of Fig. 2 show
a contrast inversion for Cu vs. CO tips. We attribute
this contrast inversion to opposite dipole moments of Cu
vs. CO terminated tips for two reason. First, Cu2N
is a periodic arrangement of charged atoms. The elec-
trostatic potential of such a periodic charge distribution
with lattice constant a decays exponentially [29], with a
decay length given by λ = a/2pi (Cu2N: a = 372 pm [1]
and thus λ = 59 pm). This small decay length explains
the short-range character of this electrostatic interaction
(Figs. 2c,f). Second, in the following we will present an
electrostatic model using a point-charge representation
of sample and tip. Using the force contrast and calcu-
lated tip-sample distances from the experiment, we fitted
the tip’s dipole moment to model the experimental force
dependence.
From experimental [1] as well as theoretical work
[18, 20, 21], the structural parameters and net charges
of the Cu2N’s unit cell atoms are known. The distance
between N and Cu is 183 pm, N atoms are vertically dis-
placed by 21 pm with respect to the Cu surface layer and
the charged subsurface Cu layer has 197 pm distance to
the Cu surface layer, as indicated in Figs. 1c-e. Charges
were calculated by DFT in Ref. [18] and are given by
-1.2 e for N, +0.5 e for surface Cu atoms and +0.1 e for
the subsurface Cu (Figs. 1c-e). Using these numbers,
we constructed a 3D point-charge representation of the
sample with a size of 7 × 7 unit cells, including the sub-
surface Cu atoms, where all charges are located at the
atomic core positions. The resulting electric field was
then used to calculate the interaction force with the tip
[28]. The Smoluchowski effect [12] causes a charge re-
distribution on corrugated metal surfaces, which leads to
the formation of electric dipoles. For metallic tips, an
electric dipole moment is formed pointing towards the
sample [10], as depicted in Fig. 1a. For a CO molecule
adsorbed on a metal tip, the electric dipole moment com-
pared to gas phase changes in magnitude and sign due to
charge transfer to the metal. We recently found experi-
mental [30, 31] evidence that the CO’s dipole moment is
pointing into the metal, as depicted in Fig. 1b, which is
also supported by some ab initio molecular orbital cal-
culations [32]. The tip was modeled as a simple dipole
having two charges ±q separated by the dipole distance
d.
For Cu terminated tip, we got the best agreement
with a charge of ± 0.13 e and d = 135 pm (close to the
atomic radius of Cu) resulting in a dipole moment of
0.182 eA˚ = 0.874 D. The dipole points towards the sam-
426pN-8pN
C
u
 t
e
r
m
in
a
te
d
 t
ip
C
O
 t
e
r
m
in
a
te
d
 t
ip
(d) (e)
8pN-13pN
(b)(b)
Simulation - Force
0 0.2 0.4 0.6 0.8
-15
-10
-5
0
5
10
24pN-20pN
Experiment - Force
13pN-13pN
(f)
0 0.2 0.4 0.6 0.8
-10
-5
0
5
10
Force Line Profile
a (c)
Cu
2
N
Cu
2
N
Cu
2
N
Cu
2
N
Cu
N
N
Cu
15
20
25
FIG. 3. Left column: Central area of Fig. 2b and e (unit cell averaged and 3 × 3 Gauss filtered). Center column: Calculated
electrostatic force between the tip dipole and the point charges of a Cu2N structure, including the second layer Cu atoms (see
also Fig. 1). Simulation for a Cu terminated tip with a dipole moment of 0.874 D (b) and a CO terminated tip with 0.035 D
(e). In the first two columns, the force at the Cu site was set to zero to emphasize the force difference. Right column: Line
profiles from (a), (d) in red and (b), (e) in blue, along N-Cu-N (solid) and Cu-hollow site-Cu (dashed) direction respectively.
ple, as described before, where the positive charge is lo-
cated at the core of the front most Cu tip atom. For
the calculation, the positive tip charge (Cu core) was
placed at a distance of 395 pm over the charges (cores)
of the Cu surface layer. This distance was obtained by
adding twice the atomic radius of Cu to the experimen-
tal zs-s = 125 pm [28]. Figure 3b shows the calculated
force between this metal tip dipole and all surface atoms.
The force above the Cu site was set to zero to emphasize
the force contrast. Line profiles along the N-Cu-N and
Cu-hollow site-Cu direction from Fig. 3b are plotted in
Fig. 3c (blue). The relative interaction contrast is given
in Table I and fits well to the experimental results. To
compare the simulation to the experiment, Fig. 3a shows
a zoom-in of the island in Fig. 2b (unit cell average over
the inner part plus 3×3 Gauss filter) with the respective
line profiles in Fig. 3c (red).
We modeled the CO tip as a dipole pointing away from
the sample, where the negative charge sits at the O core
and positive charge at the C core. With the CO bind-
ing length of 115 pm as dipole distance d and a charge
of ± 0.03 e the dipole moment is 0.035 eA˚ = 0.166 D. The
distance of the O core to the charges of the Cu surface
layer was 275 pm (zs-s = 80 pm plus atomic radii of O,
60 pm, and Cu, 135 pm) [28]. In Fig. 3e, the calculated
force is shown, with the force at the Cu site set to zero.
Corresponding line profiles along the two prominent di-
rection are given in Fig. 3f (blue lines). Also, this simu-
lation gives quantitative agreement to our experimental
force contrast (Table I). For comparison Fig. 3d shows
a zoom-in of Fig. 2e (unit cell average over the inner
part plus 3× 3 Gauss filter), with the corresponding line
profiles shown in Fig. 3f.
This straight-forward electrostatic model reproduces
the relative force contrast of both tip terminations very
well. The experimentally determined dipole moment of
the Cu terminated tip of 0.874 D is close to the range
of previous work for Cr and W tips [10, 11]. Simulation
and experiment for the CO terminated tip agree with
the theory that the dipole moment points away from the
sample. In general the CO’s dipole magnitude depends
on the chemical nature and geometric structure of the
adsorbent [32]. Hence, it is not surprising that the fitted
value of 0.166 D varies from CO molecules adsorbed on
surfaces [30, 31, 33].
The simulation does not account for (attractive) co-
valent bonds (Cu tips) and Pauli repulsion (CO tips).
Both interactions are probably included in the measured
overall force and would influence the force contrast and
therefore the modeled dipole moment. However, the ex-
perimental core-core distances are just a lower boundary
(Cu tip: 395 pm and CO tip: 275 pm) and are so large
that we don’t expect a strong contribution neither from
covalent bonds nor from Pauli repulsion.
5In conclusion, we have shown that atomic resolution
on relatively inert surfaces such as Cu2N can also be ob-
tained by electrostatic multipole forces, not just by co-
valent bonding forces or Pauli repulsion forces. Richard
Feynman already pointed out in his 1939 paper [34] that
intermolecular forces ultimately have an electrostatic ori-
gin. The difference we observed here to the covalent
case in atomic imaging of semiconductors is that cova-
lent bonds usually result in massive rearrangements of
electronic charge density and subsequently forces in the
nanonewton regime, while the forces here are only tens
of piconewtons with much less redistribution of electronic
charge.
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S 1 Error in the calculated tip-sample distance for metal tips 
According to the metal point-contact model described in the main text as well as in Ref. [1], the 
tunneling current is assumed to flow only between two atoms. In reality not only the front most tip 
atom contributes to the measured tunneling current, but also second layer atoms. The error, made by 
assuming that only the front most tip atom carries all current, can be estimated by comparing the two 
cases in Fig. S 1. 
Both tips in Fig. S 1 are at the same height above the sample, but the tunneling current measured in the 
right case is larger (as four second layer atoms also contribute). Now if we assume that both tips carry 
the same current but are at different heights z’ and z, then we can calculate the apparent distance 
difference. For an ideal Cu tip pointing into the <100> direction the four second layer atoms are  
 
 
 
behind the front most tip atom (Cu:         ). The tunneling current is given by  ( )     
     
with           and we can write: 
     ( 
 )        ( ) 
    
          
          
   (  
 
 ) 
              
FIG. S 1: Ideal Cu-tip pointing into <100> direction, including four 
second layer atoms. Left: Only the front most atom contributes 
to the tunneling current. Right: The four second layer atoms also 
contribute. 
The tip-sample distance     , defined in the main text, is therefore only a lower boundary, whereby 
the real distance should at least be 50 pm larger. 
 
S 2 Determination of the tip-sample distance for CO terminated tips 
To calculate the tip-sample distance for a CO terminated tip, one has to determine the point 
conductance of a CO molecule on a metal surface, here Cu(100). Therefore, we performed the 
experiment, schematically described in Fig. S 2(a). We recorded an    ( ) spectra with a Cu 
terminated tip over Cu(100), right after we picked up a CO molecule, which was laying close by, and 
recorded another    ( ) spectra. Both spectra were recorded within one minute and the z-range of the 
scanning piezo        overlapped. In Fig. S 2(b) the corresponding conductance spectra normalized to 
metal point-contact are shown, for Cu (black) and CO (red) tip, where the abscissa is the absolute 
piezo-range       . For a certain value of        in the    ( ) spectra, the tip-sample distance after 
picking up a CO is reduced by the length extension of the CO molecule    , see Fig. S 2(a). Hence, the 
   ( ) spectra has to be shifted towards the sample by    , as depicted in Fig. S 2(b). We estimated 
    by adding the CO’s binding length of 115 pm with the atomic radii of C (70 pm) and O (60 pm). 
Not to underestimate the tip-sample distance we took            and to estimate a lower boundary 
here as well. In Fig. S 2(c) we fitted the normalized conductance of the Cu terminated tip with an 
exponential function and extrapolated the curve up to    
⁄    and defined a new abscissa with 
       at this point. The shifted conductance for the CO terminated tip was also normalized to the 
metal point-contact conductance of    (      )
  . Its exponential fit (red curve in Fig. S 2(c)) 
intersects the ordinate at 0.03191 resulting in a point conductance of   (  )  (       )
   for the 
CO terminated tip. Taking into account the error made within the metal point-contact model (see S 1) 
and the estimated length of the CO molecule     the calculated tip-sample distance       using 
  (  ) is an underestimate of at least 55 pm. 
 
  
FIG. S 2: (a) Schematic of the experiment to determine the point contact of a CO terminated tip. (b) Conductance in 
unites of the quantum conductance versus distance curve for Cu (black) and CO (red) tip. In addition the shifted CO curve 
is shown (blue). (c) Extrapolated conductance curves, where for Cu tip  (   )     holds. The intersection of the 
shifted CO curve with the ordinate gives the point conductance of the CO terminated tip on a metallic sample. 
  
S 3 Electrostatic simulation 
The electric field outside a certain radial charge distribution can be seen as originating from a point 
charge centered in the volume. Therefore, the charges of the sample atoms were fixed on their atomic 
core positions. The z-component of the electrostatic field arising from 7x7 Cu2N unit cells was 
numerically calculated by: 
  ( )  
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∑ (     )
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The electrostatic force on the tip dipole        (q: dipole charge, d: dipole distance) was calculated 
by: 
  (        )       (        )      (          )      
For the Cu terminated tip         ,           pm and                . For the CO 
terminated tip         ,           pm and                 . See also Fig. S 3. 
 
 
FIG. S 3: Deducing the core-core distance      from the experimental shell-shell distance      for both tip terminations. 
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